The current study presents an effective and simple strategy to obtain stable porous scaffolds from gelatin via a gas foaming method. The technique exploits the intrinsic foaming ability of gelatin in the presence of CO 2 to obtain a porous structure stabilised with glutaraldehyde. The produced scaffolds were characterised using physical and mechanical characterisation methods. The results showed that gas foaming may allow the tailoring of the 3-dimensional structure of the scaffolds with an interconnected porous structure. To assess the effectiveness of the preparation method in mitigating the potential cytotoxicity risk of using glutaraldehyde as a crosslinker, direct and in-direct cytotoxicity assays were performed at different concentrations of glutaraldehyde. The results indicate the potential of the gas foaming method, in the preparation of viable tissue engineering scaffolds.
Introduction
In tissue engineering, scaffolds provide a platform for cell attachment, migration, differentiation, and inducing a new tissue shape [1] . For the scaffold to be able to function optimally in this role, porosity is a key element. In order for the cells to penetrate beyond 500 μm from the scaffold surface, optimal porosity within the structure is necessary so that efficient nutrient transmission may take place [2] . There are multiple methods available to manufacture the 3-dimensional porous scaffolds including but not limited to: solvent casting and salt leaching [3] , electro spinning [4] , and lyophilisation [5] . The major restriction of these methods is the limited thickness of the scaffold produced.
Gas foaming is a suitable method capable of fabricating a highly porous matrix with desirable thickness. The method is based on inducing the formation of an inert gas (such as CO 2 or N 2 ) within a precursor solution. The formed gas transforms the liquid into a foam entity. The foam is stabilised by freezing the liquid phase with subsequent lyophilisation. Gas foaming has been used to produce porous structures from synthetic polymers to ceramic structures, and agar membranes [6] [7] [8] [9] [10] [11] .
In addition to the porous structure of scaffolds, great attention must be paid to their composition [5] . Gelatin is a common substrate for tissue engineering scaffolds. It is a water soluble compound that traditionally is obtained from collagen hydrolysis [12] [13] [14] . Approximately 50,000 metric tons of gelatin is produced annually for medical purposes [15] . Features such as biodegradability and the possibility of cheap large-scale production allow gelatin to be an attractive candidate for the production of tissue engineering scaffolds and biomaterials [16] . From its collagen precursor, gelatin maintains peptide sequences, such as RGDs, known to promote cell adhesion [17] and migration [5, 18, 19] . A combination of gelatin with bioglass, biopolymers, or synthetic polymers such as poly-caprolactone showed desirable cell proliferation, and an increase in cell attachment as a result of gelatin presence in the matrix [20] [21] [22] . These features cause gelatin to be used for a variety of commercial applications in the pharmaceutical and medical fields, such as sealants for vascular prostheses [23, 24] , bone-repairing matrices [25, 26] , blood plasma expanders [27, 28] , wound healing agents, artificial skin [29, 30] , and scaffolds for tissue engineering [3, 31, 32] .
Gelatin also possesses a superior foaming ability and it is a suitable colloid stabiliser and foaming agent [33] . The food industry has taken advantage of this intrinsic feature for many years to improve the elasticity and texture of food [34] [35] [36] , however there are surprisingly few investigations into the direct application of a gas foaming method to prepare porous tissue engineering scaffolds and biomaterials.
Barbetta et al. studied the feasibility of using in-situ gas foaming in gelatin solutions. A structure with high porosity and pore interconnectivity with average pore diameters of 250 to 360 μm was reported, showing the potential for further investigation of this type of gelatinbased scaffold [37] . Apart from this study, investigating the foaming application of gelatin in preparing tissue engineering scaffolds has been limited to incorporating pressurised gas into a gelatin solution to form a porous structure [2, 34] . Pressurised foaming however, requires expensive hardware and facilities that are not readily available, and the control of processing parameters can be challenging.
In this study, the development and optimisation of a gas foaming technique were explored. Glutaraldehyde (GTA) was used to stabilise the scaffolds and to tailor their mechanical properties. GTA is a very effective crosslinking agent which functions by establishing covalent bonds with the amine groups of lysine [38] . The GTA reaction mechanism is described as a Schiff base reaction, and establishes the carbon and nitrogen double bond (C_N) formation between GTA and gelatin molecules [39] . These reactions increase the mechanical strength and thermal stability [40] , as well as life span [41] of the scaffolds. With regard to GTA toxicity, reservations in its applications have recently been raised, but there is still disagreement with the extent of its cytotoxicity [41] [42] [43] [44] [45] [46] . In vitro cytotoxicity was evaluated by following ISO 10993-5 guidelines with fibroblast cells to determine the effect of GTA on the biocompatibility of the prepared scaffolds. The scaffolds were further characterised using Fourier Transform InfraRed spectroscopy (FT-IR), mechanical tests (tensile and compression analysis), thermal analysis, and Scanning Electron Microscopy (SEM).
Materials and methods

Materials
Type B gelatin powder from bovine skin (Bloom Index 225) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium hydrogen carbonate was procured from BDH Merck Ltd. (Poole, UK). Acetic acid and glutaraldehyde (50% v/v) aqueous solution were both purchased from Fisher Scientific (Leicestershire, UK). All chemicals were used as received without further processing.
Fabrication of porous gelatin scaffolds
Porous gelatin scaffolds were prepared according to the following procedure: 20% w/v gelatin aqueous solution was prepared by dissolving the appropriate amount of gelatin in de-ionised water at 50°C. The gelatin solution was subsequently cast in stainless steel moulds. Sodium hydrogen carbonate was used as the foaming agent in this study and added to moulds along with the gelatin solution. Gelatin casting was shortly followed by acetic acid addition into the moulds. The reaction of acetic acid with carbonate salt particles released CO 2 gas and induced the formation of the gelatin foam. The samples were transferred to a freezer (−25°C) and frozen for 1 h. The solidified samples were then removed from the metallic moulds and instantly plunged into a 4°C water bath to extract traces of unreacted compounds. Crosslinked gelatin scaffolds were prepared by immersion in 0.25, 0.50, 0.75, and 1.00% v/v GTA solutions for 3 h. Control samples were left non-crosslinked for comparison purposes. Samples were then washed with de-ionised water overnight to remove traces of GTA. The samples were frozen and then lyophilised for 24 h. 
FT-IR spectroscopy
The gelatin macromolecular structure and potential impact of crosslinking on the gelatin scaffolds were characterised using Fourier Transform InfraRed spectroscopy (FTIR/ATR-4800s, Shimadzu, Japan). All spectra were obtained by scanning from 4000 to 1000 cm −1 at a nominal resolution of 4 cm −1 using 264 scans. The obtained results
were normalised against a background scan collected at an ambient temperature. The samples were kept in a desiccator with self-indicating silica gel prior to analysis for 48 h.
Thermal analysis
In order to investigate the effect of crosslinking on the denaturation temperature of the gelatin scaffolds, thermal analysis was performed using Differential Scanning Calorimetry (DSC 822e, Mettler-Toledo, Switzerland). All samples were conditioned for 48 h at 65% relative humidity and 20°C prior to analysis. The samples were placed in 40 μl aluminum pans and hermetically sealed. The samples were heated from 15 to 100°C at a heating rate of 5°C·min
. The peak temperature and the normalised enthalpy of transition of each sample was recorded. The normalised enthalpy of transition was computed as the integrated area under the transition peak. The transition peak temperature was assigned as the denaturation temperature (T d ).
Mechanical tests
2.3.3.1. Compression tests. All samples were conditioned for 48 h at 95% relative humidity and 20°C. The samples were examined in compression and tensile modes using a TA.XT-Plus texture analyzer (Stable Micro Systems, Surrey, UK). To perform the compression tests, the method described by Leffler and Muller was applied to measure the scaffold compression strength [11] . Briefly, the samples were compressed to 40% of their initial height with a crosshead speed of 2 mm·s −1 and the scaffold resistance was recorded as the peak force (N). The recorded force was then used to compute the scaffold compression strength using Eq. (1), where σ is the scaffold's compression strength (Pa), F is the peak force (N), and A 0 is the theoretical cross section area (m 2 ).
2.3.3.2. Tensile strength tests. Uni-axial tensile tests were performed in order to further characterise the mechanical properties of the scaffolds. The sample conditioning criteria were as described in Section 2.3.3.1. The samples were cut into rectangular strips (10 × 5 mm). The thickness of the sample was measured at 3 points using digital callipers and their average value was used for calculating the cross section surface area. The samples were drawn with a crosshead speed of 0.033 mm·s −1 until sample rupture was detected. The rupture force was recorded to measure the sample tensile strength using Eq. (1). Tensile properties were calculated from a stress-strain plot. The scaffold tensile strain was calculated using Eq. (2); where ε is the tensile strain (%), δ is the change in gauge length at the sample rupture point (mm), and L 0 is the initial gauge length (mm). The scaffold elastic modulus was calculated as the linear gradient of the stress-strain plot and is expressed in kPa.
Microstructure analysis
The lyophilised scaffolds were kept in a desiccator containing selfindicating silica gel prior to examination for 48 h. The scaffolds were cross-sectioned using a surgical scalpel and examined using a Scanning Electron Microscope (SEM). Samples were gold-coated using a sputter coater (Mscope, SC500, UK) and their structural morphology examined at an accelerating voltage of 5 kV (Hitachi Variable Pressure Scanning Electron Microscope, S-3000N, Japan).
Cytotoxicity analysis
Different concentrations of GTA (0.25, 0.50, 0.75, and 1.00% v/v) were used to crosslink the prepared scaffolds and tested according to ISO 10993-5 guidelines for direct and indirect cytotoxicity according to the method described elsewhere [47] . Prior to analysis, samples were sterilised under UV light for 6 h.
For indirect tests, scaffolds (3 × 3 × 5 mm) were incubated in triplicate in 2 ml Dulbecco's Modified Eagle's Medium (DMEM, Gibco, Life Technologies, UK) with 10% v/v of Fetal Bovine Serum (FBS, Gibco, Life Technologies, UK) in 50 ml Falcon tubes (BD Bioscience, USA) at 37°C, 5% CO 2 , and fully humidified air for 3 days. The resulting medium, enriched in lixiviates potentially released from the tested materials, was used to culture L929 mouse fibroblast cell line (DSMZ, Germany) with an initial density of 80 × 10 3 cells/cm 2 on 24-well plates for 3 days. Metabolic activity of cultured cells was determined using a MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) cell proliferation kit (Sigma-Aldrich, USA). The results were normalised to the negative control for cytotoxicity analysis (fresh DMEM with 10% v/v FBS medium) and compared to the positive control medium preincubated with latex. For the direct contact assays, L929 cells were seeded at a density of 80 × 10 3 cells/cm 2 on 6-well plates (BD Bioscience, USA) until confluence was reached; the scaffolds were gently placed directly above the cultured cells (2 ml DMEM with 10% v/v FBS). The cultures were incubated at 37°C, 5% CO 2 , in fully humidified air for 3 days. The cells were then visualised using an inverted microscope (Leica Microsystems, Germany) to determine if an inhibitory halo at the scaffold interface formed. The control was a culture of L929 cells cultivated on a tissue culture polystyrene 6-well plate, without contact with the scaffolds.
Statistical analysis
The presence of significant differences between results was verified using non-parametric tests according to Kruskal-Wallis method using SPSS Statistics (Version 20) software (International Business Machine, NY, USA). Differences between results were analysed using the MannWhitney test method and accepted as significant at p ≤ 0.05. 
Results and discussion
FT-IR spectroscopy
band which is primarily due to the stretching vibrations of peptide carbonyl groups [48] [49] [50] [51] . Amide II absorption band at 1548 cm −1 is due to N\H bending and N_C stretching [51] , and amide III band absorption occurred at 1234 cm −1 due to weak N_C stretching and N\H bending [50] . All samples displayed amide A and amide B bands located in the region between 3290 and 3060 cm −1
, respectively. These two bands are assigned to the N\H stretching vibration [50, 52] . The C\H stretching modes were also found between 2900 and 3000 cm −1 [53] .
The spectra of the crosslinked samples show a slight shift towards lower wave numbers in the amide I and III bands relative to noncrosslinked samples. This shift may be due to structural changes caused by crosslinking [48, 52] . Farris et al. reported a similar shift towards lower wave numbers as a result of crosslinking gelatin with GTA at an acidic pH. It was suggested that this shift may be due to crosslinking of gelatin molecules [54] . The results may be indicative of subtle structural changes due to the GTA reaction with gelatin macromolecules but reaffirm that crosslinking did not substantially alter the gelatin macromolecular structure. Table 1 lists thermal characteristics of the non-crosslinked and crosslinked scaffolds at various concentrations of GTA. Denaturation temperature (T d ) is an indirect measurement of the degree of crosslinking: the higher the T d value, the greater the degree of crosslinking [55] . A gradual increase in the gelatin denaturation temperature (T d ) occurred as the GTA concentration increased. Noncrosslinked samples showed a thermal transition with a T d at 44°C. The T d of the crosslinked samples was found to be between 74 and 78°C. The formation of stabilising bonds between gelatin molecules is responsible for an increase in the denaturation temperature [41] . This is thought to be due to a decrease in the entropy of transition [56] . Along with an increase in T d , the negative values for enthalpy of transition (ΔH), normalised with respect to sample weight, decreased as crosslinker concentration increased. Reduction in enthalpy value is caused by a reduction in the number of hydrogen bonds (endothermic process) in favour of an increase in the number of covalent bonds (exothermic process) [41, 57, 58] . The normalised enthalpy of transition changed from −14.22 J/g in the non-crosslinked samples to −9.65 J/g in the scaffolds crosslinked with 1.00% v/v GTA solution (Table 1 ). Table 2 lists the mechanical properties of gelatin scaffolds in compression mode. The compression strength of the prepared samples increased as the GTA concentration increased. As listed in Table 2 , compression strength of scaffolds crosslinked with 1.00% v/v GTA solution was 4 times higher as compared with the non-crosslinked samples. Although the addition of GTA to the structure increased the compression strength, no significant differences were found between compression strength of non-crosslinked samples and scaffolds crosslinked below 0.75% v/v GTA (p = 0.40). The compression strength significantly increased when the GTA concentration increased above 0.75% v/v (p = 0.03). The increase of the GTA concentration above 1.00% may cause a further increase in the compression strength, however this study is beyond the scope of this article and may be investigated in future studies. Table 3 lists the tensile properties of the prepared scaffolds. The tensile strength of the scaffolds increased with GTA concentration up to 0.50% v/v GTA solution. Crosslinking with concentrations above 0.50% v/ v resulted in the tensile strength to decrease. The initial increase of the tensile strength was statistically significant for GTA concentrations up to 0.50% v/v in comparison with the non-crosslinked samples (p = 0.02).
Thermal analysis
Mechanical properties
An arrest in the increase in the tensile strength values with increasing GTA concentration above 0.50% may have been due to complete crosslinking of the gelatin structure, and a combination of increased structural stiffness and irregular porosity in the scaffolds. Wu et al. reported that a decrease of the tensile strength at high concentrations of GTA may be due to the over-crosslinking of the gelatin structure. Other studies have also shown a decrease of the gelatin mechanical strength as a result of higher crosslinker concentrations [14, 59, 60] . Knaul et al. suggested that the decrease in the mechanical strength at high concentrations of GTA may be due to degradation of the molecular structure at relatively high concentrations, local stress concentrations, and a decrease in crystallinity upon drying with increasing crosslinking density [40] . Irregular porosity has been suggested as a source of structural defects contributing to elevated local stress at the pore edges, leading to a reduced mechanical resistance against crack initiation [61] . An increase in GTA concentration causes the specimen to become less plastic [14, 62] , which showed less resistance against crack initiation and this led to a decrease in tensile strength in scaffolds crosslinked with 0.75 and 1.00% v/v GTA.
There is a significant difference between the elastic modulus of noncrosslinked samples and crosslinked samples up to and including the GTA concentration of 0.50% v/v (p = 0.01). This is mainly due to the effect of crosslinking on the tensile strain of the scaffolds and is in agreement with the results reported for crosslinked gelatin [63] .
Crosslinking decreased the tensile strain of the gelatin scaffolds. The non-crosslinked samples showed the lowest tensile strain when compared with the crosslinked samples, this may be due to poor sample integrity causing the structure to fail prematurely during tensile testing and therefore true measurement of the scaffold properties is difficult. In comparison with the non-crosslinked sample, the decrease of the tensile strain in crosslinked scaffolds was significant for the scaffolds crosslinked with GTA concentrations above 0.25% (p = 0.02). The tensile strain was inversely proportional to increased GTA concentrations except for the low concentration of 0.25% v/v (Table 3) . Fig. 2-A-F shows the SEM images of the non-crosslinked samples and scaffolds crosslinked with 0.50 and 1.00% v/v GTA solution. Varying the GTA concentration affected both the pore size and textural structure of the scaffolds. In general, the non-crosslinked samples (Fig. 2-A and  B) showed a more flat and smoother surface as compared with the crosslinked scaffolds shown in Fig. 2 -C to F. In particular, the structure in the non-crosslinked samples appeared to have collapsed with less interconnectivity, whilst the crosslinked structures showed more pore interconnectivity. As shown in Fig. 2-B , the pores in the non-crosslinked samples showed signs of distortion which may be due to a lack of mechanical strength.
Microstructure analysis
The average pore size in scaffolds crosslinked with 0.50% v/v GTA solution (Fig. 2-C and D) was 280 μm. Scaffolds crosslinked with 1.00% v/v GTA showed increased pore interconnectivity when compared with the flat structure of non-crosslinked scaffolds (Fig. 2-A and E) . The microstructure of the scaffolds crosslinked with 1.00% v/v GTA solution contained larger pores in comparison with samples prepared with 0.50% v/v GTA (Figs. 2-E and F) . The average pore size in 1.00% v/v GTA crosslinked scaffolds was 550 μm. The thickness of the pore walls varied between 30 μm (in the area between two adjacent pores) and 170 μm around vertices where three or more pores converged with each other (Fig. 2-F) . This showed a reduction of the pore size when compared with the scaffolds crosslinked at 1.00% v/v GTA concentration (Fig. 2-E and F) . Crosslinking with GTA may improve the stability of the porous microstructure within the gelatin matrix. Higher concentration of GTA may have led to more effective crosslinking and better preservation of the porous structure during the synthesis process, as the gelatin foam stabilisation occurred more rapidly, preserving the porous nature of the original gelatin foam.
Cytotoxicity evaluation
Indirect cytotoxicity evaluation
Gelatin is a commonly used material for tissue engineering scaffolds. To improve scaffold stability and to produce a highly porous structure, GTA was used as a crosslinking agent in this study. Due to the nature of unreacted aldehyde groups, application of GTA may be incompatible with cell viability. Therefore the scaffolds were tested for cytotoxicity using L929 cells following the ISO 10993-5 guidelines for indirect and direct contact tests [47] . The results indicated that a slight increase in cytotoxicity with increasing GTA concentration occurred in the indirect tests (Fig. 3) . The indirect tests assess the toxicity of lixiviates that leach into the cell culture medium during the 3 day incubation period, either due to the residual GTA within the scaffolds or from potential biotransformation and degradation at 37°C. MTT assays were used to assess the effects on cell activity of lixiviates in the cell culture media.
The results showed a decrease in cell activity for media lixiviates from scaffolds with increasing GTA concentrations used for crosslinking. This highlights a possible increase in the toxicity of the scaffolds corresponding with the degree of GTA crosslinking. However, cell activity for all the lixiviate samples was significantly well above the positive control and approximately 79% or higher of the negative control (Fig. 3) . These results indicate that the potential toxicity of lixiviates from the tested materials was low enough to proceed to the direct contact tests.
Direct contact evaluation
The direct contact tests were carried out by incubating L929 mouse fibroblasts cells and the scaffolds in the same culture wells for 3 days, in order to observe if the material is responsible for any morphological changes and/or cell death. The negative control consisted of cells cultured in a common culture dish in the absence of contact with the sample. It should be noted that for the non-crosslinked scaffolds, the structure disintegrated during the 3 day culture period due to a lack of crosslinking. All scaffolds appeared to be nontoxic towards the cells in direct contact, regardless of the GTA concentrations used, since no halo of inhibition was observed in the vicinity of sample edges (Fig. 4) . Inverted microscopy was used as the porous gelatin scaffolds were slightly translucent at the edges, the projection of the cells beneath the scaffolds with a regular morphology of healthy fibroblasts was visible.
Summary
In this study, the feasibility of using a gas foaming method to produce gelatin scaffolds was shown and the effect of crosslinking on the structure was investigated. The microstructure of the crosslinked scaffolds showed desirable inter-connected porosity. Pore size and topography of the gelatin structure were altered with increasing GTA concentrations. Higher GTA concentrations produced a larger pore size, as evaluated with SEM. Tensile and compression strengths of the scaffolds were affected as result of GTA crosslinking. The compression strength of the scaffolds increased with GTA concentration, whilst the tensile strength of structures increased up to 0.50% v/v GTA and decreased subsequently due to the porous structure and reduced elasticity. Crosslinked scaffolds did not show any sign of cytotoxicity in direct contact tests and cell activity remained above 80% of negative control in indirect assays. It should be pointed out that this study was not aimed at investigating the direct effect of GTA on the cell metabolism, verifying the synthetic procedure used in this study and washing method that took place after crosslinking. The increase of cytotoxicity at the highest concentration of GTA showed that overnight washing of the sample was not adequate. To mitigate this concern GTA-crosslinked scaffolds quenching, for example with glycine, can be recommended. However, considering the reported toxicity of GTA, it is suggested that alternative crosslinking agents be considered in future studies. Considering the simplicity and affordability of the reported synthesis procedure, the results of this study suggest that gas foaming may be explored further as a potential method for manufacturing tissue engineering scaffolds. Low mechanical strength of the scaffolds may be a concern in the field of tissue engineering. To address this weakness the following improvements Fig. 4 . The results of direct contact tests at 100× magnification are shown: Negative control (without scaffold) (A), non-crosslinked scaffold (B), scaffold crosslinked with 0.25% GTA (C), 0.50% GTA (D), 0.75% GTA (E), and 1.00% GTA (F). Scaffolds were placed above the cell culture and observed with an inverted microscope for the direct contact tests. Scale bar represents 100 μm. may be recommended: (1) modification of the gas foaming method to reduce the pore size so that a more desirable tensile strength can be achieved, and (2) addition of components with higher tensile strength, such as bioceramics and bioglasses which are reported to be effective in improving the tensile strength of the gelatin structure [20, 64] .
